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ABSTRACT 

The c l a s s i f i c a t i o n  o f  Green R i v e r  o i l  sha les  th rough  d e n s i t y  

s e p a r a t i o n  techniques r e v e a l s  some new i n s i g h t s  i n t o  t h e  n a t u r a l l y  o c c u r r i n g  

d i s t r i b u t i o n  o f  kerogen i n  shale.  Twelve Colorado sha les  and one Utah shale,  

c o v e r i n g  a range o f  sources and grades, were c l a s s i f i e d  i n t o  f r a c t i o n s  of  

v a r y i n g  kerogen c o n t e n t  t h rough  heavy-media d e n s i t y  separa t i on .  A n a l y s i s  of 

t h e  separa t i on  da ta  r e v e a l s  t h a t  t he  sha les  a l l  have a l i n e a r  r e l a t i o n s h i p  

between t h e  en r i ched  grade kerogen c o n t e n t  and t h e  we igh t  f r a c t i o n  o f  t o t a l  

kerogen recovered i n  t h e  e n r i c h e d  grade. The s lope  o f  t h e  l i n e a r  r e l a t i o n s h i p  

c o r r e l a t e s  w i t h  t h e  o r i g i n a l  sha le  kerogen con ten t .  The c o r r e l a t i o n  p r o v i d e s  

a power fu l  t o o l  f o r  a p r i o r i  p r e d i c t i o n  o f  t h e  r e s u l t s  f o r  any c l a s s i f i c a t i o n  

1 

J 

\ process which opera tes  on d e n s i t y  separa t i on .  The e x i s t e n c e  o f  such a l i n e a r  

r e l a t i o n s h i p  i m p l i e s  t h a t  t h e  n a t u r a l l y  o c c u r r i n g  d i f f e r e n t i a l  mass 

d i s t r i b u t i o n  f u n c t i o n  f o r  kerogen i n  sha le  i s  an i n v e r s e  r e l a t i o n  between 

we igh t  f r a c t i o n  o f  sha le  and kerogen c o n t e n t  o f  t h e  f r a c t i o n ,  i.e., kerogen- 

l e a n  f r a c t i o n s  a r e  p resen t  i n  much g r e a t e r  q u a n t i t y  t han  k e r o g e n - r i c h  

f r a c t i o n s .  Another aspect  o f  t h e  d i s t r i b u t i o n  f u n c t i o n  i s  t h e  e x i s t e n c e  o f  

c l e a r l y  de f i ned ,  sharp c u t - p o i n t s  which c o n t a i n  t h e  e n t i r e  d i s t r i b u t i o n  w i t h i n  

a range o f  kerogen c o n t e n t  dependent upon the  o r i g i n a l  s h a l e  grade. 
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The Green R i v e r  o i l  s h a l e  f o r m a t i o n  comprises one o f  t h e  l a r g e s t  

o s s i l  f u e l  energy r e s e r v e s  i n  t h e  wor ld .  Commercial development o f  t h i s  

source i s  very l i k e l y  t o  become a r e a l i t y  w i t h i n  t h e  nex t  f i v e  t o  t e n  years.  

I n i t i a l  development w i l l  a lmost  c e r t a i n l y  use c u r r e n t  r e t o r t i n g  technology.  

However, f u l l  s c a l e  development w i l l  p r o b a b l y  occu r  o n l y  a f t e r  second 

genera t i on  techno logy ,  now i n  development i n  many research  l abs ,  reaches 

commercial v i a b i l i t y .  Knowledge and unders tand ing  about how kerogen i s  

d i s t r i b u t e d  w i t h i n  t h e  sha le  f o r m a t i o n  w i l l  a i d  i n  deve lop ing  more s e l e c t i v e ,  

v i a b l e  processes f o r  recove ry  o f  t h e  energy con ta ined  i n  t h e  kerogen. 

G u l f  has been i n t e r e s t e d  f o r  seve ra l  yea rs  i n  t h e  p o t e n t i a l  

p o s s i b i l i t y  o f  s e l e c t i v e l y  d i s c a r d i n g  very l ean  sha les  p r i o r  t o  r e t o r t i n g .  I f  

t h e  economic c o s t  o f  such s e l e c t i v e  r e j e c t i o n  were low enough, t h e  r e d u c t i o n  

i n  shale volume r e t o r t e d  f o r  e q u i v a l e n t  o i l  p r o d u c t i o n  c o u l d  y i e l d  p o t e n t i a l  

b e n e f i t s  t h rough  lowered c a p i t a l  and o p e r a t i n g  c o s t s  f o r  a r e t o r t  and, 

p o s s i b l y ,  t h rough  lessened env i ronmen ta l  impact  because l e s s  sha le  would be 

processed, 

The c o r r e l a t i o n  between sha le  d e n s i t y  and F i s c h e r  Assay y i e l d  has 

been known f o r  many y e a r s . l r 2  F i g u r e  1, due t o  Smi th, l  shows t h e  expected 

F i s c h e r  Assay as a f u n c t i o n  o f  d e n s i t y .  The e x i s t e n c e  o f  such a c o r r e l a t i o n  

r e s u l t s  from t h e  wide s e p a r a t i o n  between kerogen and m ine ra l  m a t t e r  d e n s i t y  i n  

s h a l e ,  about 1070 kg/m3 and 2720 kg/m3, r e s p e c t i v e l y ,  and t h e  narrowness o f  

t h e  m ine ra l  m a t t e r  d e n s i t y  range. Smi th2 developed t h e  r e l a t i o n s  

(GPT) = (31.563 (DT)2 - 0.205998 (DT)  + 326.624 

2 
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, 

\ 
t o  desc r ibe  t h e  i n t e r r e l a t i o n s h i p s  between t h e  sha le  d e n s i t y  and sha le  o r g a n i c  

\ con ten t .  Equat ion  ( 1 )  i s  t h e  l eas t - squares  r e p r e s e n t a t i o n  o f  t h e  c o r r e l a t i o n  

shown i n  F i g u r e  1. Equat ions  ( 2 )  t o  ( 5 )  a r e  d e r i v e d  from s imp le  m a t e r i a l  

balance cons ide ra t i ons .  A b e s t  f i t  t o  numerous da ta  r e q u i r e s  t h e  m i n e r a l  

ma t te r  d e n s i t y ,  D, = 2720 kg/m3, and t h e  o r g a n i c  d e n s i t y ,  Do = 1050 t o  

1070 kg/m3. 

Heavy-Media Separa t i on  

The r e l a t i o n  between d e n s i t y  and o rgan ic  con ten t  p r o v i d e s  t h e  b a s i s  

f o r  a separa t i ons  scheme based upon d e n s i t y   difference^.^>^ Twelve Co lorado 

sha les  and one Utah sha le ,  as shown i n  Table I ,  were separa ted  by heavy-media 

techn iques  a t  t h e  I n s t i t u t e  o f  M i n e r a l  Research, Mich igan Techno log ica l  
I U n i v e r s i t y .  The sha les  rep resen t  a v a r i e t y  o f  grades, rang ing  from 16.5 t o  

44.2 GPT, and a v a r i e t y  o f  p a r t i c l e  s i z e s .  

? 
The seDara t ions  were per fo rmed i n  b o t h  b a t c h  and cont inuous  c i r c u i t  

ope ra t i ons  as s c h e m a t i c a l l y  dep ic ted  i n  F i g u r e  2. The sha le  sample w a s  

immersed i n  a b a t h  o f  g i v e n  d e n s i t y  and separa ted  i n t o  s i n k - a n d - f l o a t  f r a c -  

t i o n s .  The s i n k  f r a c t i o n  was c o l l e c t e d .  The f l o a t  f r a c t i o n  was immersed i n  a 

b a t h  o f  lower  d e n s i t y  and s p l i t  i n t o  s i n k - a n d - f l o a t  f r a c t i o n s .  The procedure  

was performed a t  l e a s t  t w i c e ,  and as many as f i v e  t imes,  on the  va r ious  

sha les .  An a i r  pycnometer was used t o  de termine t h e  d e n s i t y  o f  each separa te  

f r a c t i o n  produced by t h e  s i n k / f l o a t  ope ra t i on .  The o r i g i n a l  sample d e n s i t y  

was then back -ca l cu la ted  from t h e  i n d i v i d u a l  f r a c t i o n  d e n s i t i e s .  The heavy- 

media separa t i ons  exper iments  p rov ide  cumu la t i ve  we igh t  f r a c t i o n  d i s t r i b u t i o n  

curves  as a f u n c t i o n  of s p e c i f i c  g r a v i t y ,  as d e p i c t e d  i n  F i g u r e  3 f o r  sha les  D 
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and I .  The r e l a t i v e l y  l e a n  s h a l e  D and r e l a t i v e l y  r i c h  sha le  I have 

d i s t i n c t l y . d i f f e r e n t  c u m u l a t i v e  d i s t r i b u t i o n  cu rves .  As i s  expected f rom t h e  

r e l a t i o n  between F i s c h e r  Assay and d e n s i t y ,  t h e  r i c h e r  sha le  c o n t a i n s  I 

cons ide rab ly  more l ower  d e n s i t y  m a t e r i a l  t han  t h e  l e a n e r  shale. 

The heavy-media s e p a r a t i o n s  were ana lyzed  on t h e  b a s i s  o f  s p l i t t i n g  

t h e  o r i g i n a l  sample i n t o  two f r a c t i o n s ,  a r i c h  s h a l e  f r a c t i o n  and a l ean  shale 

f r a c t i o n ,  as d e p i c t e d  i n  F i g u r e  4. f o r  

each s p l i t  was determined by c a l c u l a t i n g  t h e  d e n s i t y  o f  each s p l i t  and u s i n g  

Equat ion (2 ) .  

The we igh t  f r a c t i o n  o r g a n i c ,  [ X i ) ,  

I 

A measure o f  t h e  e f f i c i e n c y  o f  t h e  s e p a r a t i o n  process,  i .e.,  t h e  

a b i l i t y  t o  s e l e c t i v e l y  separa te  r i c h  f rom l e a n  sha les ,  i s  ob ta ined  by 

p l o t t i n g  ( X z j 1 ,  versus t h e  o r g a n i c  recove ry  i n  t h e  r i c h  f r a c t i o n ,  

as shown i n  F i g u r e  5. An enr ichment  p l o t ,  such as F i g u r e  5, i s  a conc ise  

s tatement  about  t h e  a b i l i t y  t o  pe r fo rm a s e p a r a t i o n  and t h e  economic b e n e f i t  

o f  doing so. When t h e  s e p a r a t i o n s  o p e r a t i n g  parameter ,  i n  t h i s  case, d e n s i t y ,  

i s  a cont inuous v a r i a b l e ,  i t  i s  p o s s i b l e  t o  draw a con t inuous  performance 

c u r v e  which d e s c r i b e s  t h e  s e p a r a t i o n s  p o t e n t i a l  f o r  t h e  m i n e r a l .  The shape 

and p r o p e r t i e s  of  t h e  performance cu rve  w i l l  be determined s o l e l y  by t h e  

d i s t r i b u t i o n  of t h e  v a r i a b l e  under c o n s i d e r a t i o n .  C l e a r l y ,  a ve ry  s teep s lope  

i n  t h e  R>0.90 range i s  d e s i r a b l e  f o r  a t r u l y  e f f i c i e n t  s e p a r a t i o n  process. 

The r e s u l t s  o f  t h e  heavy-media s e p a r a t i o n  exper iments a r e  shown i n  

F i g u r e  6. Four  separa te  pane ls  a r e  shown o n l y  f o r  c l a r i t y .  The exper imen ta l  

da ta  p o i n t s  a r e  i n d i c a t e d  by open symbols. The l i n e s  a r e  t h e  r e s u l t  o f  l i n e a r  

l eas t - squares  r e g r e s s i o n  of t h e  da ta .  The most remarkable f e a t u r e  o f  F i g u r e  6 

i s  t h a t  a l l  of t h e  da ta  can be  adequa te l y  rep resen ted  by t h e  l i n e a r  

r e p r e s e n t a t i o n  

( X t ) l  = mR + b 
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I Table I 1  prov ides  t h e  c a l c u l a t e d  va lues f o r  t h e  s lopes  and t h e  c o r r e l a t i o n  

c o e f f i c i e n t  f o r  t h e  reg ress ion .  , T h e  goodness o f  t h e  l i n e a r  f i t  i s  i n d i c a t e d  
I by t h e  range o f  c o r r e l a t i o n  c o e f f i c i e n t s ,  0.95 t o  0.99. 

\ 

\ 

upon 

dens 

a l s o  

r e 1  a 

The a b i l i t y  t o  make an a p r i o r i  p r e d i c t i o n  o f  t h e  s lope  based o n l y  

knowledge o f  t h e  feed sha le  o r g a n i c  c o n c e n t r a t i o n ,  o r  e q u i v a l e n t l y ,  

t y ,  would a l l o w  p r e d i c t i o n  o f  heavy-media s e p a r a t i o n  r e s u l t s .  I t  would 

p r o v i d e  a method f o r  heavy-media process c o n t r o l .  F i g u r e  7 shows a 

i o n  between t h e  s lope  and feed sha le  we igh t  f r a c t i o n  o rgan ic ,  g i v e n  by 

m = 0.671 - 10.21 (lo) + 28.423 (R:)2 ( 8 )  

The equa t ion ,  o b t a i n e d  f rom a q u a d r a t i c  l e a s t - s q u a r e s  r e g r e s s i o n ,  i s  o n l y  a 

marg ina l  f i t  t o  t h e  data.  However, i t  p rov ides  a reasonable e s t i m a t e  f o r  

e n g i n e e r i n g  purposes. 

W i th  a p r i o r i  knowledge o f  t h e  s lope ,  i t  i s  p o s s i b l e  t o  p r e d i c t  

d e n s i t y  s e p a r a t i o n s  r e s u l t s .  The i n t e r c e p t .  b, i s  o b t a i n e d  f rom 

b = (lo - m) a t  R = 1 ( 9 )  

F i g u r e  8 d e p i c t s  a comparison between t h e  a c t u a l  and p r e d i c t e d  s e p a r a t i o n s  

r e s u l t s  f o r  sha les  D and I .  The l i n e a r  f i t  c o r r e l a t i o n  u s i n g  t h e  c o e f f i c i e n t s  

p r e d i c t e d  by (8 )  and (9 )  reproduce t h e  exper imen ta l  l eas t - squares  r e l a t i o n s  

w i t h i n  an average e r r o r  o f  9% and a maximum d e v i a t i o n  o f  19%. Thus, i t  i s  

p o s s i b l e  t o  make reasonable a p r i o r i  p r e d i c t i o n s  o f  heavy-media r e s u l t s .  

Kerogen D i s t r i b u t i o n  i n  Shale 

The l i n e a r  r e l a t i o n  between we igh t  f r a c t i o n  o r g a n i c  i n  t h e  

sha le  and kerogen recove ry  can be used t o  o b t a i n  some b a s i c  i n f o r m a t  

t h e  d i s t r i b u t i o n  o f  kerogen i n  o i l  shale.  Assuming t h a t  t h e  w i g h t  

e n r i c h e d  

on about 

f r a c t i o n  
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organ i  i can be r e p r e s e n t e d  as a c o n t i n u o u s  v a r i a b l e ,  a d i f f e r e n t i a l  weight  

j 
f r a c t i o n  d i s t r i b u t i o n  f u n c t i o n  can be d e f i n e d  by 

I 

J-0 -0 
X X f ( ? )  d? = ? ( e x p e c t e d  va lue )  

w w  w w w 

where f(?) d p  r e p r e s e n t s  t h e  d i f f e r e n t i a l  s h a l e  mass between o rgan ic  

c o n t e n t  X The upper  l i m i t  on X i s  r e a d i l y  o b t a i n a b l e  f rom 

t h e  l i n e a r  r e l a t i o n  ( 7 )  as ( X  ) 

w w  
-0 -0 

W w w  W 
-0 

and ? t d p  . 
= b a t  R = 0. 

w max 

The f u n c t i o n a l  f o r m  of t h e  d i f f e r e n t i a l  s h a l e  mass d i s t r i b u t i o n  

f u n c t i o n  can be o b t a i n e d  by b a c k - c a l c u l a t i n g  fi as a f u n c t i o n  o f  (p) .  f r om 

( 7 )  by i n c r e m e n t i n g  R i n  even s t e p s ,  as 
w 1  

i 

z f .  
J j = l  

t o  o b t a i n  
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The average kerogen c o n c e n t r a t i o n  o f  t h e  sample, ( k o ) ,  i s  a known and t h e  

va lues o f  m and b a r e  p r e s c r i b e d  th rough  t h e  l i n e a r  c o r r e l a t i o n .  I n  t h e  l i m i t  

as i + -, one o b t a i n s  t h e  con t inuous  d i f f e r e n t i a l  sha le  mass d i s t r i b u t i o n  
f u n c t i o n  

f ( Y o )  = A/ ($ )  

by t h i s  procedure. 

The f i n a l  two unknowns f o r  t he  d i f f e r e n t i a l  d i s t r i b u t i o n  f u n c t i o n ,  A 

t h rough  a p p l i c a t i o n  o f  t h e  n o r m a l i z a t i o n  and and ($)min, a r e  o b t a i n e d  

expected va lue p r o p e r t i e s  o f  t h e  d i s t r i b u t i o n  f u n c t i o n ,  

-0 f (To)  dT0 = A en [ ( X w ) m a x /  (?)min] = I ( 9 m a x  

( T O )  
w min 

w w  I 

Note t h a t  t h e  n o r m a l i z a t i o n  p r o p e r t y  i m p l i e s  t h a t  t h e r e  a l s o  e x i s t s  a 

p r a c t i c a b l e  minimum n a t u r a l l y  o c c u r r i n g  grade o f  sha le  p resen t  i n  any g i ven  

depos i t .  F i g u r e  9 shows t h e  d i f f e r e n t i a l  we igh t  f r a c t i o n  d i s t r i b u t i o n  

f u n c t i o n  f o r  20 GPT and 35 GPT shales based upon the  p r e d i c t i v e  c o r r e l a t i o n  o f  
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equa t ions  (8)  and ( 9 ) .  Al though  F i g u r e  9 shows v e r y  sharp c u t - o f f  p o i n t s  i n  

t h e  d i s t r i b u t i o n ,  n a t u r a l l y  o c c u r r i n g  d i s t r i b u t i o n s  a r e  l i k e l y  t o  have some 

t a i l i n g  e f f e c t s .  

A l though  a s t r a i g h t - l i n e  r e l a t i o n  between we igh t  f r a c t i o n  kerogen 

con ten t  and we igh t  f r a c t i o n  kerogen recove ry  has t h e  un ique  r e p r e s e n t a t i o n  i n  

d i f f e r e n t i a l  sha le  mass d i s t r i b u t i o n  f u n c t i o n  space g i v e n  by Equa t ion  (16), 
t h e  a c t u a l  d i s t r i b u t i o n  o f  kerogen i n  sha le  m igh t  d i f f e r  somewhat from t h e  

i n v e r s e  p r o p o r t i o n a l  r e l a t i o n s h i p .  Th is  r e s u l t s  because t h e  s t r a i g h t - 1  i n e  

r e l a t i o n  i s  an i n f e r e n c e  f rom leas t - squares  r e g r e s s i o n  o f  t h e  da ta  and because 

t h e  l eas t - squares  r e g r e s s i o n s  a r e  not p e r f e c t ,  i.e., c o r r e l a t i o n  c o e f f i c i e n t  

equal t o  one. I n  o r d e r  t o  v a l i d a t e  the  d i f f e r e n t i a l  d i s t r i b u t i o n  f u n c t i o n ,  i t  

i s  impor tan t  t o  examine t h e  c u m u l a t i v e  we igh t  f r a c t i o n  da ta  o f  t h e  heavy-media 

separa t i ons  exper iments i n  d i f f e r e n t i a l  manner. Because o f  t h e  smal l  number 

of  data p o i n t s  a v a i l a b l e  pe r  sample, such d i f f e r e n t i a l  d i s t r i b u t i o n s  a re  o n l y  

crude r e p r e s e n t a t i o n s  o f  t h e  a c t u a l  d i s t r i b u t i o n .  

F 

F i g u r e  10 p r e s e n t s  t h e  h i s tog ram of w e i g h t  f r a c t i o n  kerogen f o r  

sha le  D no rma l i zed  so t h a t  t h e  area under  t h e  b a r s  equa ls  one. Such a 

h i s tog ram i s  an approx ima t ion  t o  t h e  d i f f e r e n t i a l  d i s t r i b u t i o n  f u n c t i o n .  The 

p l o t t e d  h i s tog ram i s  s i m i l a r  t o  t h e  d e r i v e d  i n v e r s e  p r o p o r t i o n a l  d i s t r i b u t i o n  

f u n c t i o n .  However, some t a i l i n g  which i s  e v i d e n t  a t  t h e  l e a n e r  grades o f  

s h a l e  i n d i c a t e s  t h a t  a r i v a l  d i s t r i b u t i o n  f u n c t i o n ,  t h e  l o g  normal 

d i  s t  r i  bu t i  on f u n c t i o n  g i v e n  by I 

\ 

c o u l d  a l s o  approx imate t h e  d i s t r i b u t i o n .  

The i n v e r s e  p r o p o r t i o n a l  d i s t r i b u t i o n  f u n c t i o n  i s  d e s c r i b e d  by the  

parameters A ,  (x:)max and (i:)min which a r e  d i r e c t l y  de te rm inab le  and 

r e l a t e d  i n  a fundamenta l ,  p h y s i c a l  manner t o  t h e  sh’ale. The l o g  normal 

d i s t r i b u t i o n  has two parameters,  E and u which have no r e a d i l y  de te rm inab le  
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p h y s i c a l  r e l a t i o n  t o  shale.  They can be determined i n  a reasonable manner, 

however, by assuming t h a t  95% o f  t h e  sha le  has kerogen c o n t e n t  l e s s  t h a n  

t h e  (:i)max p r e d i c t e d  by t h e  a p r i o r i  method, Equat ions ( 7 ) .  (8)  and ( 9 ) .  
F i g u r e  11 c o n t r a s t s  t h e  p r e d i c t e d  i n v e r s e  p r o p o r t i o n a l  and l o g  normal 

d i f f e r e n t i a l  d i s t r i b u t i o n  f u n c t i o n s  f o r  a 20.6 GPT shale.  The two 

d i s t r i b u t i o n s  a re  s i m i l a r ,  w i t h  r a p i d  r i s e  t o  a maximum i n  kerogen c o n t e n t  and 

t a i l i n g  o f f  toward r i c h e r  shales.  The l o g  normal d i s t r i b u t i o n  i s  more 

d i f f u s e ,  w i t h  g r e a t e r  t a i l i n g  a t  b o t h  t h e  r i c h  and l e a n  ends of  t h e  

d i s t r i b u t i o n .  '\ 

\ F i g u r e  12 shows t h e  p r e d i c t e d  enr ichment  p l o t  f o r  a 20.6 GPT sha le  

w i t h  t h e  i nve rse  p r o p o r t i o n a l  and l o g  normal d i f f e r e n t i a l  d i s t r i b u t i o n  

f u n c t i o n s  as parameters. A heavy v e r t i c a l  ba r  i s  drawn a t  R.0.20 t o  emphasize 

t h a t  t h i s  was t h e  s m a l l e s t  va lue  on t h e  absc i ssa  which was o b t a i n e d  i n  t h e  

exper imen ta l  s tudy.  The s a l i e n t  f e a t u r e  o f  

R<0.20, b o t h  d i s t r i b u t i o n s  c o u l d  e a s i l y  g i v e  

s t r a i g h t  l i n e s ;  s i g n i f i c a n t  c u r v a t u r e  i n  t h e  

va lues o f  R<0.20. Thus, i t  i s  d o u b t f u l  

r e a d i l y  d i s t i n g u i s h  between t h e  two d i s t r i  b u t  

F i g u r e  12 i s  t h a t  f o r  va lues of 

l eas t - squares  r e p r e s e n t a t i o n s  as 

og normal d i s t r i b u t i o n  occurs a t  

t h a t  t h e  exper imen ta l  data can 

ons. 

The i n v e r s e  p r o p o r t i o n a l  d i s t r i b u t i o n  i s ,  however, t h e  recommended 

d i s t r i b u t i o n  f u n c t i o n  f o r  d e s c r i b i n g  a s h a l e  resource  f o r  t h r e e  reasons. 

F i r s t ,  t h e  parameters which d e f i n e  t h e  d i s t r i b u t i o n  have r e a l ,  p h y s i c a l  

meaning which r e a d i l y  d e f i n e  what i s  p resen t  i n  a sha le  depos i t .  Second, t h e  

f u n c t i o n a l  form o f  t h e  i n v e r s e  p r o p o r t i o n a l  d i s t r i b u t i o n  i s  more e a s i l y  worked 

w i t h  i n  a n a l y t i c a l  equa t ions  than  i s  t h e  f u n c t i o n a l  form o f  t h e  l o g  normal 

d i s t r i b u t i o n .  F i n a l l y  as demonstrated i n  F i g u r e  13, t h e  i n v e r s e  p r o p o r t i o n a l  

d i s t r i b u t i o n  f u n c t i o n  p r o v i d e s  e x c e l l e n t  agreement w i t h  e x p e r i m e n t a l  

.\ 
1 

-l 
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NOMENCLATURE 

b 

DO 

Dm 

DT 
GPT 

rn 

R 

x: 

x; 

xJ 
io 

xo 
W 

i n t e r c e p t  i n  l i n e a r  r e l a t i o n  

kerogen ( o r g a n i c )  d e n s i t y ,  kg/m3 

m i n e r a l  d e n s i t y ,  kg/m3 

o i l  sha le  d e n s i t y ,  kg/m3 

o i l  sha le  F i s c h e r  Assay, g a l / t o n  

s lope  i n  l i n e a r  r e l a t i o n  

we igh t  f r a c t i o n  o r g a n i c  recove ry  

volume f r a c t i o n  kerogen ( o r g a n i c )  i n  s h a l e  I 

volume f r a c t i o n  m i n e r a l  i n  s h a l e  

we igh t  f r a c t i o n  kerogen ( o r g a n i c )  i n  s h a l e  

we igh t  f r a c t i o n  m i n e r a l  i n  s h a l e  

average we igh t  f r a c t i o n  kerogen ( o r g a n i c )  

p o i n t  we igh t  f r a c t i o n  kerogen ( o r g a n i c )  

we igh t  f r a c t i o n  o f  shale 

subsc r i  p t s  

1 r i c h e d  f r a c t i o n  f r o m  heavy-media s e p a r a t i o n  

2 

i increment  i ndex  

j i nc remen t  i ndex  

l ean  f r a c t i o n  f rom heavy-media s e p a r a t i o n  
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TABLE I 

OIL SHALES USED FOR HEAVY MEDIA SEPARATION 

A 

B 

C 

0 

E 

F 
G 

H 

I 

J 

K 

L 

M 

GPT 

16.5 

19.2 

19 3 

22.0 

22 2 

22.6 

26.7 

29 8 

30.9 

32.1 

36.1 

38.7 

M.2  

__ s s  

0.20-0.64 

0.64-5.08 

0 64-5.08 

0.64-7.62 

0.64-1.91 

0.64-7.62 

0.64-5.08 

0.64-7.62 

0.64-5.08 

0 64-7.62 

0.64-5.08 

0.M-15.2 

am-15.2 

E 
C-a TRACT. MAHOGANY ZONE 

ANVIL  POINTS MINE. 0 TO +20 FT. MAHOGANY MARKER 

C - a  TRACT. MAHOGANY ZONE 

RIFLE MINE. COMPOSITE BEDS A. B, C. E, F. 0. H. I. J 

RIFLE MINE, COMPOSITE BEDS A, B. C. E. F. G. H, I. J 

RIFLE MINE, BEDS A. 8. C 

ANVIL POINTS MINE, -20 TO -40 FT. MAHOGANY MARKER 

RIFLE MINE. BEDS E. F 

ANVIL POINTS MINE, 0 TO -20 FT. MAHOGANY MARKER 

RIFLE MINE, BEDS G. n. I ,  J 

HELL'S COLE CANYON, UTAH, MAHOGANY ZONE 

HORSE DRAW CREEK, R-3 ZONE, USBM 96" SHAFT 

HORSE DRAW CREEK, R 4  ZONE. USBM 9 6  SHAFT 
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TABLE I I  

LINEAR REGRESSION OF HEAVY MEDIA SEPARATION RESULTS 

SHALE 
A 

B 
C 

D 

E 

F 

G 

H 

I 

J 

K 
L 
M 

lXLll - mR + b 

S= 

-0.116 

-0.157 

4,083 
-0.174 

-0.151 

-0.105 

-0.250 

-0.274 

-0.301 
-0.268 

-0.262 

-0.083 

-0.132 

CORRELATION 
COEFFICIENT 

-1.000 

-0.977 

-0.995 

-0.895 

-0.997 

-0.997 

-0.996 

-0.887 

-0.968 
-0.882 

-0.593 
-0.049 

-0.086 

Flgure 1 
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Flour. 2 

HEAVY MEDIA OIL SHALE SEPARATIONS 
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FIOYI. 4 

OIL SHALE BENEFICATION ANALVSIS 

Flpur. I 

HEAVT-YEOIA SEPARATION OF OIL SHALE A I  A FUNCTIOI 
OF SPECIFIC ORAVITT 

CUIULAIIVE WEIOIT nhcTiom DI~TRISUTIOII emve 101 

1.0 1 
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5 
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fIOY'. 8 

TTPICAL EWRlCHMEnT PLOT FOR OIL $WALE 8EIEFICI&TIOI(  
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C O Y I A I I ¶ O N  BETWEEM ACTUAL AND PRCDICTCD RESULT8 
FOR HEAV? YEOlA SEPARATION OF SWALE 

Plgur. 1 

SLOPE OF LINEAR SENEFICIATION LOUATION 

48  A fUWCTlON OF F E E 0  SHALE KLROOEN CONTINT 
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DIFFEILNTIAL DISTRIBUTION FUNCTIOM 
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Fig",. 10 

AREA MORYALIIED n l s i ~ m ~ u  OF 
WEIGHT FRACTION XEROGEN FOR SHALE 0 

0 I O  0 10 O S 0  0 40 
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Flwr. ?1  

PREDICTED ENRlCWYEWT PLOT FOR 1O.e OPT 0.111 SHALE 
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riw. 
CUYULATIVE WEIGHT FRACTION O l l T R l S Y I l O M  
CURVE FOR SHALE A S  A FYWCIION OF WEIGHT 

FRACTION KEROGEN 
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